This paper reports on recent work undertaken to study the use of virtual environments for the prediction and assessment of aesthetic quality within the automobile industry. This paper builds on previously reported work and focuses on the recent development and evaluation of two new simulation modules that extend an existing system to facilitate the visualisation of non-nominal product variants. The case study for this work involves the aesthetic assessment of a glove box assembly within a typical automotive instrument panel that is composed of both rigid and flexible components. The paper provides an overview of the existing system and the new simulation modules that have been developed.
INTRODUCTION
In the modern global economy automotive manufacturers need to operate within an increasingly competitive marketplace dominated by a handful of large multi-national organisations. To reduce costs and time to market for new models many of these organisations make use of common platforms and standard components across many different brands. Thus individual brands now rely increasingly on brand image, quality and style to differentiate their products. When a customer is confronted with a large number of functionally identical products within a similar price range, they will often form an initial opinion about the overall quality of a product based on it's external 'look and feel' through visual inspection and comparison. This perceived aesthetic quality is a crucial factor in the purchasing decision and often, the more expensive the product, the more important the aesthetic quality factor will be. OEMs (Original Equipment Manufacturers) therefore have identified the need to introduce methods for assessing the aesthetic quality from a customer's point of view within their quality management programmes. These assessment processes normally employ physical prototypes that are very time consuming and expensive to produce for complex assembled products. For instance, a typical supplier of instrument panel assemblies to the automotive industry may spend in excess of £2M on the production of physical prototypes during the design phase for a particular model.
For this reason there is an increasing demand for virtual prototypes (also known as digital mock-ups, virtual cubes or electronic builds) to replace physical models. Many companies have already started to employ virtual prototyping to reduce the number of physical prototypes traditionally constructed during the product development process. There are many reports of significant business benefits obtained through the use of virtual prototypes within the design and manufacturing process. Many aspects of this process have been considered from initial clay modelling and concept design through to detailed assembly and manufacturing planning [10] [11] [12] [13] [14] [15] . However most of previous work has involved strictly nominal geometric models and assemblies. Little attention has been paid to attaining a higher degree of physical realism that accurately simulates product variation resulting from assignment of tolerances and manufacturing variations. Tools that are capable of interactively modelling such 'real world' variation can be used to inform crucial decision-making processes during early concept design, thus enabling engineers to undertake predictive design and study "what if" scenarios.
Aesthetic quality has no precise definition since it is a qualitative product attribute that is perceived by a customer through visual inspection and comparison. It may be loosely defined as the 'look' of the product. Variation of features such as the size and shape of gaps and the flushness between mating components are areas that need to be tightly controlled during design and manufacture in order to maintain the aesthetic quality of a product. Such aesthetic quality features can have a dramatic impact on the styling and market differentiation of the final product. The ability to predict and assess how manufacturing variation will effect the aesthetic quality of a product early in the design process results in fewer design changes due to unanticipated problems later in the product life cycle.
In order to support the prediction and assessment of aesthetic quality, virtual prototypes must be able to show how the aesthetic quality features (e.g. gaps and flushness between components) changes as each component's geometry and assembly position varies within its allowable tolerance (or manufacturing variation). Moreover, if aesthetic quality is to be assessed using virtual, rather than physical, prototypes, engineers must have confidence that what they see accurately reflects how the product would look and behaves in the 'real world'. Thus a virtual aesthetic quality assessment tool requires the provision of a photo realistic, interactive 3D view of the product that 'responds' to interaction and external forces and can recreate geometry that varies from the perfect (or nominal) as a result of the predicted manufacturing and assembly variations.
In this paper we report a practical and realistic case study conducted as part of the VITAL (Visualising the Impact of Tolerance Allocation) project, which is attempting to address this need. Our focus is on the integration of reliable simulation models (including assembly, behaviour, deformation, appearance, environment and tolerances) to accurately predict the fit and finish of bodywork and interior trim assemblies. The prototype VITAL system enables engineers to explore "what if" scenarios through interactively visualising the final fit and finish as a result of the stack-up of tolerances within the assembly. In particular, aesthetic quality is judged through measurement of the final gap and flush conditions on visible (A-Class) surfaces. This paper describes a case study we have recently completed involving the glove box and Instrument Panel assembly for the Jaguar S-Type and provides details of the results of an evaluation conducted using this case study.
REQUIREMENTS FOR THE CASE STUDY
The case study for this work is the Instrument Panel assembly for the Jaguar S-Type supplied by our industrial partners on the VITAL project, Magna Interior Systems Ltd. In particular the case study focuses on the aesthetic assessment of the glove box assembly within the instrument panel. The assembly is composed of over 80 rigid and flexible components. The components are made from a wide range of materials from metal alloys and injection molded plastics for the main shape and strengthening components to wood, leather and textiles for trim and upholstery. The assembled instrument panel is illustrated in Figure 1 .
This case study represents a particularly challenging problem for this work as it contains such a diverse range of materials. To support aesthetic assessment of the glove box it is necessary to generate non-nominal variants of all components, reassemble the instrument panel, deforming flexible components where necessary to achieve the assembly and recreate the accurate appearance of the final build model. The stack up of geometric and assembly variations within the instrument panel will then result in imperfect gap and flush conditions between the glove box and it's enclosure. Moreover the simulated build must occur almost instantly, so that the engineer can explore several variations interactively. To recreate the accurate appearance of the final variants it is necessary to bring together a combination of interactive simulation technologies including toleranced variation, assembly, deformation, appearance and environment modelling. The following sections will report on the VITAL system that has been developed to achieve this. The case study will then by revisited to illustrate how the tool can be used for setting, predicting and assessing aesthetic quality targets throughout the design process without the need to produce physical prototypes.
OVERVIEW OF THE VITAL SYSTEM
The VITAL software architecture, illustrated in Figure 2 is designed to facilitate the tight coupling of a set of core simulation modules with a high quality interactive 3D visualisation. The architecture adopts a computational steering model in which the user guides the behaviour of the simulation models through the user interface and receives feedback through the visualisation. This approach enables users to explore the predicted geometric variations within the assigned tolerances and immediately assess the impact of this variation on the aesthetic quality of the model. The Assembly module creates and maintains assembly constraints between components and supports the interactive assembly and disassembly of the model within the environment. Finally the Behaviour module simulates the physical dynamics of the model within the environment, maintaining consistency against physical laws such as gravity, friction and contact dynamics. Finally, the user interacts with the system and consequently steers the simulation over time using the interaction model. This represents the user interface to the system. The Environment, Assembly and Behaviour modules have been described in detail in previous publications [16] [17] [18] . The following sections will therefore focus on the more recently developed Deformation and Tolerance modules. These modules extend the VITAL system to enable the simulation of the variation resulting from the assembly of non-nominal flexible components, such as those commonly encounter with interior fixtures and fittings.
DEFORMATION MODULE
The purpose of the deformation module is to deform component geometry as a result of either dimensional or assembly variation. The most common deformation technique currently employed within the automotive industry is based on Finite element methods (FEM). This is used widely in the simulation and accurate prediction of deformation for stress analysis, crash testing and assembly processes. Although this technique can produce very reliable results, the computational cost of conducting a full FEM analysis makes it unsuitable for systems that require geometric deformation to be computed at interactive rates. The challenge with this module was to develop a deformation technique that could provide interactive feedback (i.e. in less than 1 second), while generating results that were of sufficient accuracy for designers and engineers to confidently take design decisions.
To formulate the deformation that is to be performed on a particular component it is first necessary to analyse the degrees of freedom (DOF) of the component's geometry. The complexity of the geometry within the Instrument Panel gives rise to a very large number of degrees of freedom. For example, the glove box mounting frame is composed of over 800 individual surface patches. Tessellation of this component to an angular tolerance of 0.01mm generates a mesh consisting of over 33,000 triangles (more than 70,000 individual points). This level of geometrical complexity creates too many degrees of freedom for any algorithm to operate directly on the geometry itself at interactive rates.
The only technique that currently exists for dramatically reducing the number of degrees of freedom is the Global Deformation method [1] . This method employs a control lattice and a set of mapping functions that map the geometry from a non-deformed space into a deformed space. Since the control lattice is deformed, rather than the geometry, the complexity and the number of degrees of freedom can be reduced. There are a large number of extensions to the global deformation method that employ different mapping functions. One of the most popular and fastest methods is called Free Form Deformation (FFD) and is used widely in computer animation. The FFD method employs parametric mapping functions such as Bèzier [2] [3], B-Spline [4] and NURBS [5] . FFD methods based on Bèzier functions are among the most common as they are relatively easy to develop. For a simple control lattice with few divisions only a low degree Bèzier function is required. Therefore it is relatively inexpensive to compute. However to improve the accuracy it is necessary to increase the number of the divisions within the control lattice. As this increases, the degree of the Bèzier function must also be increased, resulting in a corresponding increase in the computational load. Therefore this technique does not scale well for more accurate deformation of complex geometries. B-Spline and NURBS based map functions for FFD were developed to overcome this problem. In addition, they also enable local deformation to be performed (which cannot be achieve using a Bèzier based FFD).
Although FFD is a much faster method than FEM, it is a strictly geometric deformation technique. Therefore all deformation is based on the control lattice without reference to the geometric constraints (mating conditions) between components. In order to constrain the FFD an additional technique called the Force Density 
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Method (FDM) can been employed. This method was first introduced by Schek in 1974 [6] and uses a topological graph of nodes and branches representing the boundary conditions of a network. A force density is assigned to each branch and calculated using the ratio of the internal force against the length of the branch to which the force density is applied. This allows a set of linear equilibrium functions to be formulated for each of the free nodes within the graph. Solving these functions gives the static equilibrium shape of the entire network. Leon applied FDM to surface correction and deformation [7] [8] [9] . In Leon's method the FDM is coupled directly with the control points of a parametric surface using the analogy between a network of nodes and branches and the control points. FDM is particularly suited to the VITAL system due to its linearity and the fact that the input parameters more closely model those of a traditional FEM method, namely force density (material stiffness), topological graph (boundary condition) and external load.
For these reasons, the deformation module within the VITAL system therefore combines an FDM network with a B-Spline FFD control lattice. In choosing this approach the decision was made to sacrifice a small amount of the precision of a full FEM analysis in order to achieve results at interactive rates. Through consultation with industrial designers and engineers working in collaboration with the VITAL project, this was found to be a reasonable and acceptable compromise. However, as the computational power of typical CAD workstations continues to improve over time it will be possible to continually improve the accuracy of the deformation method while maintaining the interactive response.
TOLERANCE MODULE
The purpose of the VITAL tolerance module is to gather and organise the results of an off-line simulation and then present them to the engineer to enable them to guide the simulation to produce visualizations of particular variational scenarios such as, best/worst case or most/least likely. Off-line tolerance analysis software is now being widely used within the automotive industry to enable engineers to better understand the effect of tolerance stack-up within the model during the design process. Software tools, such as CE/Tol 3D+ from Raytheon, VSA-3D from Variational Systems Analysis and 3-DCS from Dimensional Control Systems have become available and enable tolerancing problems to be identified and their impact on the total design assessed. Tolerance analysis tools allow the dimensional variation in an assembly to be predicted. The tools provide true statistical simulation modelling, with graphic display of the variation and view of the assembly sequence defined as a tree structure and diagram or animation. Most tools can be integrated with modern CAD packages such as I-DEAS and CATIA. The tools are feature based, using multiple windows and models and no knowledge of programming languages is required for operation although an open architecture allows custom routines to be coded.
The tools automatically generate mathematical relationships to vary form, orientation, location and size of geometric features. A Monte Carlo simulation of the production run is executed in which feature dimensions are randomly varied based on the assigned tolerance, the allocated process capability (C p and C pk ), and knowledge of the assembly sequence. Results can be obtained that include the standard deviation of the tolerance under investigation, percentage of products that will be produced out of specification and the minimum and maximum values of the tolerance. The tools also allow "what if" scenarios to be created and analyzed. However skill is needed to interpret the output of the tolerance analysis tools and it is difficult to visualise what effect the values obtained from the histograms and distribution curves have on the product's aesthetic quality.
The VITAL tolerance module is designed to use the statistical output of a tolerance analysis package to inform the deformation and assembly modules of the precise geometric and assembly variations requested by the user with respect to a particular scenario. The CAD data and associated dimensions, tolerances and measurement points are imported into the tolerance analysis package. Using a Monte Carlo simulation, a large number of simulated builds are executed on the model to generate a data set containing the values of each measurement point for each build. This data is then filtered and sorted by the VITAL tolerance module and used to generate a tolerance control box for each measurement point. This is illustrated in Figure 3 .
The control box contains two main areas: a graphical representation of the probability distribution for the gap under investigation and a set of numerical values. The graphical section of the box shows an x-axis, representing gap sizes (grouped into regular sized ranges called 'gap bins'), a y-axis, representing the number of samples within each gap bin, a probability distribution histogram derived from the tolerance analysis data set and two different colour bands. All values within the green band represent gaps that lie within the given aesthetic quality targets, while values in the red band represent gap conditions that lie outside acceptable targets. A blue line label 'Nominal' represents the nominal gap position as dictated by the designer, while the blue line label Gap, represents the user selected gap condition that is currently being visualised within the VITAL system. The yellow bar indicates the gap bin in which the currently select gap value resides. The textual information at the bottom of the window presents the currently selected gap value, the range of the gap bin in which this gap resides, the number and percentage of samples within the gap bin, and the aesthetic quality target for the measurement point (in this case 2.5mm +/-1.0mm). 
VISUALIZING THE EFFECT OF VARIATION
To evaluate the new modules within the VITAL system a case study was conducted involving a model of the Jaguar S-Type Instrument Panel supplied by our industrial partners at Magna Interior Systems Ltd. In particular this focused on the aesthetic quality of the Glove Box assembly within the Instrument Panel. The purpose of the case study was to investigate how the VITAL system could be used for setting quality targets early in the design process and then allow engineers to continuously assess the evolving model against the targets throughout the design process. We refer to this process of continuous assessment against the original aesthetic target as Styling-Driven Design, as its purpose is to allow realistic achievable targets to be set during the initial concept design and then maintain this original intent throughout the product and process design phases of a project.
INSTRUMENT PANEL ASSEMBLY
Before conducting the case study the CAD geometry for the Instrument Panel was imported into the VITAL system and all components were assembled in nominal mating positions. The assembly of the critical area of study around the glove box is illustrated in Figure 4 . Here the glove box unit is already assembled. The unit is attached to the hinge joint on the mounting frame using a standard hinge pin as indicated on the diagram. The mounting frame, together with the glove box is then attached as one subassembly to the cross car beam in four location, as illustrated in Figure 4 . Once assembled it is possible to open and close the glove within the limits of the hinge, as shown previously in Figure 1 .
SETTING QUALITY TARGETS
The Instrument Panel and Glove Box were initially assembled within the VITAL system in a perfect nominal state. The first phase of the case study focused on how the VITAL system could enable engineers to visually explore an acceptable range of gap and flush conditions for the Glove Box unit and thus set the aesthetic quality targets early in the design process. The OEM (brand owner) typically performs this after the styling has been agreed, but prior to the release of the full product specification to either the local design teams or the supply chain. For the evaluation, seven critical measurement locations were chosen around the edge of Glove Box, two down each edge and three along the top. The objective was to set acceptable aesthetic targets at each of these points as part of the Instrument Panel specification. Each target was to be expressed using two values representing a measurement of the visible gap and flushness between the Glove Box and its surrounding enclosure. For each of these measurement points the VITAL system dynamically measured the gap and flush values, and displayed these as labels on the measurement points (in red to indicate gap and green to indicate flush). The measurement points are illustrated in Figure 5 .
Using the VITAL system the engineers then could reposition the Glove Box unit and visually assess (and quantify) the acceptable aesthetic quality targets for the sub-assembly. These were established using the follow method: 
Roughly Establish the Boundaries of Acceptable Gap and Flush through Direct Manipulation:
The engineer directly manipulated the Glove Box within the 3D environment. This allowed them to quickly adjust the position and orientation of the Glove Box unit to identify an approximate range of acceptable gap and flush values. The VITAL system automatically recalculated the gap and flush measurements as the unit was manipulated.
Identify the Boundaries More Precisely by Setting Specific Gap and Flush Targets:
Once the boundaries of acceptable gap and flush had been narrowed down the engineer was able to set up a number of specific gap and flush configurations to more precisely define the acceptable boundaries. To do this, a measurement location was selected directly and a specific gap and flush value was entered manually. The VITAL system automatically repositioned the Glove Box unit to satisfy the new target values.
This process is illustrated in Figure 6 , in which the gap and flush conditions have been adjusted to identify the acceptable target range for each point. This was performed using both light and dark trim options. As the design begins to evolve, key decisions are made regarding the materials and manufacturing processes that will be used to produce and assemble the components. During these detailed design and engineering phases the capability of manufacturing processes is captured and assessed against the tolerances assigned to the design using statistic tolerance analysis. The VITAL system has been evaluated within the context of this process to allow engineers to additionally assess the impact of manufacturing variation on the aesthetic quality of the Instrument Panel and Glove Box assembly. For this case study, the VSA-GDT package was used to generate 5000 simulated builds of the rigid Cross Car Beam. Since the VSA package cannot simulate the deformation of flexible components when assembling non-nominal variants, such as the Glove Box mounting frame, it could not be used to generate the final predicted variation in the gap and flush measurement points on the Glove Box Unit. Therefore each of the 5000 sample variations on the rigid Cross Car Beam produce by the VSA package were fed through the VITAL deformation and assembly modules using an off-line batch mode. For each sample the VITAL system recreated the Cross Car Beam variation and re-assembled the Glove Box unit and mounting frame, deforming the frame where necessary in order to complete the assembly. The gap and flush value at each measurement point was then recomputed and stored together with the Cross Car Beam variation for each sample.
The system took approximately 10 seconds to complete the 5000 simulated builds on an SGI workstation. When the VITAL system was restarted in interactive mode, the resulting data set was then used by the Tolerance
Module to produce a Tolerance Control Box for each measurement point. Using the Tolerance Control Boxes it was then possible for the engineer to explore the results and visualise the most/least likely, best/worst case or in fact any of the 5000 samples generated during the analysis. Consequently the control boxes enabled the engineer to steer the simulation, as illustrated in Figure  7 . 
EVALUATION AND FUTURE WORK
The evaluation of the VITAL system involving the Instrument Panel Assembly was conducted in collaboration with our industrial partners. A positive outcome from this exercise was that engineers were convinced that a commercially robust system similar to the VITAL system would greatly assist with the setting and assessment of quality targets. In particular it was felt that providing a high quality visualisation of gap and flush conditions, previously only listed as numbers on paper, within a realistic environment, would help to remove some of the subjectivity associated with the aesthetic quality assessment process. The visual presentation of complex quality issues improved communication and enabled new insight and discussions on acceptable quality targets between design and manufacturing teams, suppliers and customers. For this reason work is now underway to exploit the research and development conducted within the VITAL project through the development of a commercial product that will have the potential to bring significant business benefits and competitive advantage its customers within the automotive industry.
A common concern expressed by the engineers was the number of business processes, and software tools, that will have to be integrated within the concept design stage in order to make full use of the VITAL system. The current problems associated with data exchange issues and the time taken to set up scene (lighting, material, environment maps etc.) combine to reduce efficiency, since these are currently performed manually. Unless engineers can quickly move design data into the VITAL system, conduct 'what if' analyses, and return the results to the design environment within a reasonable time scale, the software will not get used. The definition of the term 'reasonable' is still a subject of debate. Engineers would prefer that a single design iteration could be done in a matter of minutes -current data exchange and scene definition issues mean that currently this cannot be achieved in less than a day. To solve this problem the VITAL system would need an associated data preparation/migration tool to reduce the time taken and partially automate the data exchange process.
CONCLUSIONS
This paper has presented our work on the use of virtual environments for the prediction and assessment of aesthetic quality of flexible assemblies within the automobile industry. The most recent developments involving the deformation and tolerance modules have been described and a realistic case study for evaluating these modules involving an Instrument Panel assembly containing both rigid and flexible components has been presented.
